ABSTRACT: Networks of silver nanowires appear set to replace expensive indium tin oxide as the transparent conducting electrode material in next generation devices. The success of this approach depends on optimising the material conductivity, which up to now has largely focused on minimising the junction resistance between wires. However, there have been no detailed reports on what the junction resistance is, nor is there a known benchmark for the minimum attainable sheet resistance of an optimised network. In this paper we present junction resistance measurements of individual silver nanowire junctions, producing for the first time a distribution of junction resistance values, and conclusively demonstrating that the junction contribution to the overall resistance can be reduced beyond that of the wires themselves through standard processing techniques. We
find that this distribution shows the presence of a small percentage (6%) of highresistance junctions, and we show how these may impact the performance of networkbased materials. Finally, through combining experiment with a rigorous model, we demonstrate the important role played by the network skeleton and the specific connectivity of the network in determining network performance.
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The advanced electronics market continues to demand thinner and more powerful devices such as smart phones, tablets, flat-screens etc. If current trends continue, flexible device platforms will dominate the marketplace in the coming decades. To enable this transition, flexible, transparent, conducting thin films are necessary to facilitate the capacitive touch screen technology that will inevitably be required in such platforms. The current market leader, ITO (tin-doped indium oxide), is very brittle and thus not suitable for these future device technologies. Several alternatives to ITO have emerged in the past decade, and include conductive polymers, 1 graphene, 2-3 networks of metallic nanowires such as Ag, Au, and Cu, [4] [5] [6] [7] [8] [9] or composites of these materials incorporating graphene. [10] [11] [12] [13] Thus far networks of Ag nanowires have demonstrated the best performance in terms of processing ease, transmittance and electrical conductivity, thereby meeting the requirements for many industrial applications.
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Early demonstrations of high performance transparent conductors made from Ag nanowires led researchers to strive to optimise their performance for industrial applications. In this regard many factors have been examined, including the impact of nanowire geometry, [18] [19] the methods used to fabricate the network, 5, [20] [21] [22] [23] and the postfabrication processing techniques employed to remove/modify the insulating polymer shell on the nanowires. The widely used polyol method for Ag nanowire fabrication results in a nanoscale coating of insulting polyvinylpyrrolidone (PVP). Networks fabricated from these nanowires are non-conducting in their native states due to the presence of highly resistive junctions, and post-fabrication processing is required to Junctions are the basic building blocks of any network. It has previously been shown that by controlling the properties of the junction through the use of passivation layers, it is possible to introduce new functionality such as tunable resistance and programmability into an otherwise simple conducting material. [29] [30] The junction resistance contribution, Rjxn, to the overall sheet resistance of a Ag nanowire network has never been directly measured. Attempts to measure Rjxn both directly and indirectly have been inconsistent, with values ranging from just a few ohms to several kilo-ohms being reported. The nanowires used in this study were purchased from Seashell Technology, and were received coated in a thin (1-2 nm) polymeric layer -a result of the fabrication process (see Figure S2 .1 for TEM image). In order to modify this layer and create an ohmic contact between the two wires, the junctions were processed using three different methods: furnace annealing in the absence of oxygen, hot plate annealing under ambient conditions, and electrical activation under ambient conditions via current-induced local heating of the junction -described here as electroforming. Each of these methods has been discussed in the literature, and so our results are therefore representative of the average junction behaviour in those reported networks. 21, 25, 32 In the case of furnace annealing, samples were placed into a tube furnace at 200C under dry N2 flow for 2 hrs, whilst hotplate annealing was performed at 180C for 2 min in air. For both furnace-and hotplate-processed samples, contacting with electron beam lithography (EBL) defined electrodes was performed after the anneal step.
Prior to any junction resistance measurement it is essential to ensure that the four electrical contacts (two on either side) make good electrical contact with their respective wires (see Figure 1a , inset). Typically we find that there is a low resistance contact to each nanowire, which is likely the result of the large heat of condensation released during metal contact formation. If this is not the case these contacts need to be activated separately by driving current between electrodes 1-2 and 3-4. The next step involves activation of the junction itself. This must be performed using two contacts instead of four, as the resistance of the inner circuit in a 4-probe set-up is lower than that of the nanowire junction prior to activation. The insulating PVP layer prevents current flow up to a threshold, VFORM, beyond which the current rises sharply to a pre-defined current compliance level, ICC (see Figure 1b ). This process is directly analogous to the electroforming process used to generate the initial conductive state in resistive switching materials. 34 Once the junction had been activated the resistance level was measured. If the resistance remained high (> 500 Ω), further current was driven through the junction, generating significant local Joule heating at the junction which in most instances resulted in a further reduction of the junction resistance. This additional step was not required in all cases however, and a low ICC of 10 μA was sufficient in some cases to produce an optimised junction. In all cases an optimised junction is defined as a junction whose resistance does not decrease further following additional thermal and/or electrical processing. The effectiveness of this current induced anneal to improve the resistance is illustrated in Figure 1c as the resistance of the junction shown in Figure 1a is reduced from 507 Ω to just 30 Ω post processing at a maximum drive current of 5 mA.
Measuring the junction resistance
Once the junctions were optimised, the resistance contributions from the external circuit and the nanowire/metal contact resistances were identified and removed from the measurement through the 4-probe technique. A maximum current of 50 μA was driven through all thermally optimised junctions i.e. furnace or hotplate processed, so that even these junctions experienced a significant electrical stress. However no change in resistance beyond the thermally optimised value was found, indicating the effectiveness of thermal processing methods. The recovered resistance can be described as a linear series of resistors, R1, R2, and Rjxn as shown in Figure 2a , where R1 and R2 are the resistance contributions of nanowire 1 and 2, respectively. R1 and R2 are evaluated by measuring the dimensions of each nanowire (SEM), where L was measured from the outside of the inner contact electrode to the centre of the nanowire junction (see Figure   2b ) as described by Kolesnik et al. 35 The resistivity value used to calculate R1 and R2 was determined by performing 4-probe measurements on almost 40 individual nanowires, with diameters ranging from 50 to 90 nm, and resulted in an average resistivity of 20.3 ± 5.5 nΩ.m. This value is quite close to that of bulk silver (15.9 nΩ.m), and is consistent with values previously measured by Huang et al. for single crystal Ag nanowires. 36 No dependence of the resistivity on nanowire diameter was observed for the nanowires measured -see Supporting Information for more information. This resistivity value was then used to estimate R1 and R2, and to extract values for Rjxn.
The junction resistance was determined for Ag nanowires processed using the three methods described above. An interesting aspect of the low junction resistances achieved by electroforming is its potential as a route to high conductivity nanowire networks. Compared to alternative processing methods, electroforming is very energy efficient with only relatively low currents (~1 mA) levels required for short durations to produce highly conductive junctions, consistent with earlier experiment and simulations. 29, 32, 36 This agrees with Song et al. who showed using finite element simulation that current flow through a nanowire junction results in electromigration of the Ag atoms, thereby improving the contact geometry between the two nanowires. 32 Despite this, it is unlikely that electroforming will lead to optimally conductive networks. While the current driven through the network will reduce the resistance of the junctions that comprise the percolative conducting paths within it, it will not impact the other sections of the network through which current does not flow, which is expected to be important for large area networks.
These results have additional implications for the optimisation of network materials.
Based on the data presented here, it is clear that nanowire-nanowire junctions make a resistance contribution that is comparable or less than the wire segments within the network, i.e., Rjxn is approximately equal to the 10 Ω resistance associated with a 1.5 μm length of a 60 nm diameter Ag wire, assuming a bulk Ag resistivity value. It is therefore incorrect to assume, as is often reported in the literature, that junctions are the dominant contributors to the network resistance and future modelling and simulation should account directly for the resistance contribution of the nanowire length segments, in addition to junctions themselves.
Modelling a network and calculating Rs
We now demonstrate the incorporation of the experimental distribution of junction resistance values in Figure 3 into a simulation of a Ag nanowire network. Traditionally, for each network density (number of wires per unit area), simulation involves two types of averaging: one spatial averaging over an ensemble of different wire configurations, and another in which each configuration in turn is averaged over a distribution of possible junction resistance values. To reduce the uncertainties due to averaging we implement a rigorous computational model that does away with the need for the spatial configurational averaging by using a real-world network in which the wire junctions and wire length segments are mapped to create a near-perfect replica of the original network (see Figure   4 ). The inter-wire connections are modelled by generating an idealized probability distribution through spline interpolating the data of Figure 3 , while the spatial arrangement of the wires remains fixed throughout. The interpolation was performed by setting a minimum cut-off resistance of 0.15 Ω (minimum measured value) and a maximum of 70 Ω. The resistance value of a junction then becomes a random variable that can be chosen given a certain probability defined by the spline distribution. In order to acquire statistical significance for the calculated sheet resistance (Rcalc), an ensemble of junction resistances is constructed for a respective network with its wires "frozen" at their real micrograph positions. The ensembles comprise 25-35 junction resistance sets, depending on the size and density of the system. The calculated mean (Rcalc) and error in the sheet resistance are determined and compared to the experimentally observed value (Rexp). The model accounts for both junction and intra-wire resistance contribution, and as such, a zero value may be attributed to the junction resistances (i.e. all junctions are perfect conductors) producing a sheet resistance value, R0, that is purely due to the resistive contribution of the network skeleton. This provides useful information about the connectivity levels of a network, and can also explain differences in performance seen for seemingly similar networks. Full details about the model used and fabrication of associated networks can be found elsewhere. 37 Details on the nanowire length/diameter statistics are provided in the Supporting Information.
We begin by assuming that the junction resistance values measured between 200 and 300 Ω in Figure 3 represent statistical outliers, and are omitted from the initial calculation. If the experimental and calculated sheet resistance values did not match, these outliers were then introduced gradually into the distribution until the experimental value was reached.
For comparison, both thermally annealed and electroformed networks were modelled. Table 2 lists the measured sheet resistance, Rexp, the calculated values, Rcalc -both with and without the presence of outliers -as well as the percentage of outliers required to bring the numbers into alignment. The skeletal sheet resistance, R0, nanowire density, and the annealing method used for each network are also included in Table 2 . We find that the distribution of junction values peaked around 11 Ω consistently yields a sheet resistance (Rcalc) that is within 10 Ω of the experimentally determined values (Rexp). Given the complexity of these systems this is a remarkable result, and shows that it is possible to accurately calculate the resistance of any Ag nanowire network, and that the junction resistance values reported here are representative of those that exist within actual networks. Table 2 , we can see that the network skeleton contributes a large percentage of the final resistance -on average 80% of Rcalc. To our knowledge, the contribution from the skeleton has never been specifically accounted for in the optimisation of these materials, yet it represents a fundamental limitation on the performance of these materials and cannot be ignored. Finally, comparing the networks listed in Table 2 , it is apparent that the values of R0 vary significantly even for networks of comparable density (NW/μm 2 ). As R0 looks at only the nanowire contribution to the resistance, and not the junctions, this variation must originate from differences in the connectivity patterns within those particular networks, and how efficiently they conduct from one side of the network to the other. Comparing networks 1 and 6 in Table 2 , each with a wire density of 0.39 NW/μm 2 , we see that a reduction in resistance of over 50% is possible by having a more efficiently connected network (see Figure S6 .1 for stick-model images of networks appearing in Table 2 ). This simple comparison is worth highlighting as it demonstrates the crucial role connectivity plays in determining network performance, and also demonstrates that junction optimisation, while highly influential,
is not the only factor controlling performance. Nanowire geometry, in particular nanowire length, is known to impact the resistance of networks by altering the connectivity pathways, 18 but this result demonstrates that controlling the network uniformity is equally important. Aggregation or clustering of nanowires reduces potential parallel pathways elsewhere, negatively impacting the network resistance. The importance of uniform connectivity is most pronounced in the sparsest networks, for example those needed for high performance transparent conducting applications. Optimising fabrication methods is therefore critical if optimum network performance is to be achieved.
Finally, as was noted earlier, the junction resistance distribution indicates the presence of junctions within networks with resistances that are much higher than the average value.
While these high resistance junctions represent only 2 of 32 measured values, or 6.25%, this remains a non-negligible population. It is unclear why these outliers exist and why these junctions cannot be optimised further. Examining Table 2 , we see that of the six networks modelled, three required the addition of outliers to bring the Rcalc values into alignment with Rexp; of these, very high outlier quantities were required for the electroformed networks. This is perhaps indicative of poor connectivity within these networks as a result of the electroforming process. We know even low current levels produce low junction resistances, however once a conductive path is formed across the network, the formation of parallel paths is not favoured. This limits the performance of the network, and appears in our model as the presence of high-resistance outliers. This behaviour will likely become amplified in larger networks, and therefore represents a severe limitation of the electroforming technique.
To conclude, in this study we have measured for the first time the resistance distribution for the junction between two Ag nanowires in contact, and have shown that the distribution shows a strong peak at 11 Ω, comparable to the resistance associated with the wire segments within a nanowire network. The accuracy of the distribution was demonstrated by implementing it in a rigorous computational model, and comparing the experimental and calculated sheet resistances for the same network. It was shown that the model consistently calculates the network resistance within 10 Ω of the experimental value, demonstrating the validity of the resistance distribution for junctions present within a real network. The junction resistance distribution also showed the presence of a finite number of high resistance "outlier" junctions. The origin of these outliers is unknown, however their presence, even at small percentages, has the effect of limiting the ultimate sheet resistance of the film. Another major conclusion of this work is the significant resistance contribution of the network skeleton. This represents a physical limit to the conductivity of these materials, and therefore warrants further exploration. Hopefully this work will motivate and inform the search for fabrication and processing technologies that optimise network connectivity, reduce the presence of "outliers", and ultimately see the full potential of nanowire network based transparent conductors realised.
Experimental Methods
Silver nanowires used in this study were purchased from Seashell Technology, LLC with diameters that varied from 50 to 130 nm (see Figure S1 .1). Isolated crossed nanowires (junctions) were prepared by dropping a small volume of a dilute (~ 10 μg/ml) nanowire/isopropanol solution onto clean, thermally grown 300 nm SiO2 substrates and allowing the alcohol to evaporate in air. Single nanowires and crossed nanowires that formed isolated junctions were then contacted with Ag contact lines, 150 nm in thickness, formed by electron beam lithography and e-beam evaporation. Electrical characterisation was performed using a Keithley 4200 electrical characterisation system. Electron microscopy and electron beam lithography were performed using a Carl Zeiss Supra 40 SEM. Transmission electron microscopy was performed using an FEI Titan TEM. Table 2 are also included. This material is available free of charge via the Internet at http://pubs.acs.org.
